Cellulose is an important biopolymer with applications ranging from its use as an additive in pharmaceutical products to the development of novel smart materials. This wide applicability arises in part from its interesting mechanical properties. Here we report on the use of high pressure X-ray diffraction and Raman spectroscopy in a diamond anvil cell to determine the bulk and local elastic moduli of native cellulose. The modulus values obtained are 20 GPa for the bulk modulus, and 200-355 and 15 GPa for the crystalline parts and the overall elastic (Young's) modulus, respectively. These values are consistent with those calculated from tensile measurements. Above 8 GPa the packing of the cellulose chains within the fibres undergoes significant structural distortion, whereas the chains themselves remain largely unaffected by compression.
Introduction
Cellulose is an important structural biopolymer in plants. Because of its abundance this polymer of glucose also represents a major renewable source for the production of biofuel and other chemicals. 1, 2 Cellulose and its derivatives, which include nitrocellulose and methyl cellulose, are used in a wide range of applications in food and pharmaceutical industries. More recently, cellulose has been used in the development of smart materials such as electroactive paper and mesoporous chiral nematic structured silica materials. [3] [4] [5] [6] Amongst the properties that make cellulose such a versatile material are its biocompatibility and high thermal stability, its potential for chemical modification, and high mechanical strength and elastic modulus values. These latter properties make it an ideal component in many nanocomposites. 4 Cellulose fibres consist of an initimate mixture of crystalline and amorphous regions, at the nanoscale. 4, 7 The overall degree of crystallinity of cotton fibres, for instance, is estimated to be 40-45% and they seem to contain small crystallites (4-5 nm) embedded within an amorphous cellulose matrix. 8 From this perspective, cellulose can be regarded as a nanocomposite structural material and its most interesting mechanical properties can be understood as arising from interactions between the crystalline and amorphous regions, as well as from the properties of these regions themselves. Typical values determined for the elastic or Young's modulus of plant cellulose fibres have been determined to range between 20-30 GPa, but extending up to 138 GPa for highly crystalline cellulose. Such values are generally obtained from tensile measurements. 6, [9] [10] [11] Only a very few studies have considered the effects of compressive loading on cellulose, that yields complementary information on the elastic properties. Knowledge of the mechanical behavior under compressive loading is essential for many applications of cellulose, as in structural reinforcing materials, or in drug tablets for which cellulose is used as binding material and that are produced by compression at high pressures. 12, 13 Moreover, it has been shown that at high temperature and moderate pressures (355-400 o C, 25-33 MPa) native cellulose can be dissolved in supercritical water and subsequently precipitated as cellulose II, a polymorph of cellulose I. 14 Here we report on the structural behavior of native cellulose studied under extreme pressure conditions (up to 16 GPa) using synchrotron X-ray diffraction and Raman spectroscopy in a diamond anvil cell. 15 , and the data were analyzed to determine its mechanical propertiesOur results may indicate a transformation into a high-pressure form of cellulose above 8 GPa. Moreover, the analysis of the X-ray diffraction and Raman data allows us to estimate and evaluate various elastic moduli reported for cellulose I.
The present study is also partly motivated by our recent work on amyloid fibrils, which are protein-based nanofibres, 15, 16 where we employed the same methodology as used in this work to determine their bulk modulus and estimate the Young's modulus. Although the use of such high pressure techniques is a common method for the determination of the elastic moduli in minerals and other solid state materials, it has not been previously applied to the study of large biological macromolecules. In our work, we showed that our data on the mechanical properties of amyloid fibrils were in good agreement with those obtained by atomic force microscopy (AFM) in a tensile regime. Extracting information on the elastic properties from AFM measurements requires a number of assumptions to be made. 16, 17 In particular, the purely tensile stress-strain regime in which the Young's modulus is properly defined for a rod while maintaining constant diameter is only approximately attained, and this must be modelled from the actual data that contain flexional components and shape changes occur.
Our approach provides direct information on the volume compressibility or bulk modulus obtained within a hydrostatic compressional environment. Because the shear modulus is generally small in these materials, this can be related to the Young's modulus if the compressive and tensile behavior can be thought to mirror each other, in the limit of small strains. In this context cellulose is a good model system to validate both approaches by comparison of the obtained elastic moduli with those from tensile measurements.
Material and Methods
Sample. Medium-sized cotton cellulose fibres were purchased from Sigma (Bornem, Belgium) and used without further treatment. Pressure cells. Screw-driven diamond anvil cells were used for the application of pressure. Type IIa diamond anvils were selected with 600 or 300-m culet diameters for in situ X-ray diffraction and Raman spectroscopy studies, respectively. The sample was contained in stainless steel gaskets that were pre-indented and laser-drilled with hole diameters of 150-400 m. Small ruby chips were added for in situ determination of pressure by the ruby fluorescence method. All experiments were performed at ambient temperature and without pressure transmitting medium. X-ray diffraction. Synchrotron X-ray diffraction and Raman data were collected at the Swiss-Norwegian Beam Lines (BM01) at the ESRF, France. The X-ray beam (= 0.7003 Å) was collimated to approximately 100x100 m 2 . A MAR345 area detector was used in the Xray diffraction experiments. The sample-to-detector distance (351.45 mm) was determined using LaB 6 as a calibrant. Calibration and data radial integration to obtain one-dimensional scans of the azimuthal intensity distribution was carried out using Fit2D software. 18 For the determination of unit cell parameters the data were fitted using the program Fullprof.
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Raman spectroscopy. Micro-Raman experiments were performed using a Renishaw ® system with CCD detector and He-Ne laser excitation (785 nm, 30 W output power). The spectra were fitted using Origin 7.0 with Gaussian/Lorentzian functions to determine the peak positions accurately.
Results and Discussion

Pressure induces a distorted phase of cellulose above 8 GPa
A typical two-dimensional X-ray diffraction pattern of cellulose I obtained at ambient conditions is shown in Figure 1 , along with the main lattice planes giving rise to the characteristic diffraction rings indicated by the structural model at right. The fact that the diffraction pattern consists of complete rings rather than arcs indicates that the cellulose fibers are not aligned. The corresponding integrated pattern is shown as a plot of intensity vs 2 value in Figure 2 This is a typical pattern of the cotton-ramie type cellulose, which consists mainly of the I  allomorph. 14, 20, 21 Consistent with this the unit cell of native cellulose at ambient conditions was found to be monoclinic (P112 1 ) with lattice parameters a = 7.82 Å, b = 8.26 Å, c = 10.40 Å and = 96.3 (Fig. 2) . Note that the cellulose fibre axis is parallel to the c axis, whereas the cellulose chains are hydrogen-bonded into planar sheets along the b axis. These sheets then assemble into stacks along the a axis with van der Waals interactions between the layers. As the pressure is increased, most reflection peaks become broader and less intense, indicating an increasing structural disorder upon compression, as is also suggested by the changes in background intensity (Fig. 2) . The evolution of the main reflections and the corresponding lattice parameters upon compression is shown in Figure 3 . There is a significant shift of the [200] reflection, as the distances between the planar sheets are largely affected upon extreme compression. This behavior is typical of sheet-like structures. 15, 23 Interestingly, although broader, the [004] reflection remains relatively sharp and intense even at 10 GPa where most diffraction features have almost disappeared (Fig. 2) . This suggests that the cellulose chains remain largely unaffected by the compressive stress. However, there is an increase in the monoclinic angle  with pressure, reaching a plateau above 3 GPa until it displays a sudden increase near 8 GPa (Fig. 3) . One possible interpretation of this change in  angle is the occurrence of some shearing distortion within the planar sheets, indicating that the arrangement of the cellulose chains within the fibre becomes highly inhomogeneous as evidenced by the X-ray diffraction patterns at these pressures (Fig. 2) . Such a shear distortion could provide a mechanism to dissipate mechanical energy, thereby preventing failure of the cellulose fibre. 24 The long-range changes in the structure are irreversible, as can be observed from the pattern obtained upon recovery at ambient conditions (Fig. 2) . Further insight in the local structural behavior of cellulose at high pressures was obtained using Raman spectroscopy. Raman spectra upon compression under non-hydrostatic conditions are shown in Figure 4 . The assignment of Raman bands is constrained by the large number of atoms in the cellulose structure, the asymmetry in the saccharide unit and the interaction between neighboring residues, which results in a high degree of band overlapping. 25 In general, the Raman bands above 800 cm -1 are due to skeletal and ring stretching vibrations, together with methylene, methine and hydroxyl vibrations, whereas skeletal and ring bending modes appear below 800 cm -1 . All vibrational bands broaden and shift to higher energy upon compression, consistent with previous observations 26 (Fig. 4) . At 8 GPa new phonon bands appear below 200 cm -1 and changes around 1000 cm -1 are detected, becoming more pronounced at 12 GPa. There is also a relative intensity decrease and splitting of the bands at 380 and 1095 cm -1 . The molecular structure of cellulose can still be recognized up to 16 GPa (Fig. 4) , so it is possible that the new vibrational features observed above 8 GPa could indicate the presence of a new cellulose polymorph at high pressures. In addition to the cellulose I  and I  allomorphs, six other polymorphs have been discovered to date (see, for instance, 25). Cellulose II is obtained by mercerization or regeneration of native cellulose. Reaction of cellulose I and II with liquid ammonia or some amines leads to cellulose III I and III II , and heating the latter phases to 206 C in glycerol results in cellulose IV I and IV II , respectively. No high-pressure polymorphs have been reported to date, although this is now suggested by our new data. However, our X-ray diffraction data do not allow a full structure determination of this high pressure cellulose phase. All high pressure transformations observed with Raman spectroscopy are fully reversible, as can be seen from the spectrum of the recovered sample at ambient conditions (Fig. 4) . Thus, the irreversible changes observed from our X-ray diffraction results indicate a long-range disordering within the cellulose fibres that gives rise to the broad and weak [200] reflection at a lower 2 value than before pressurization. However, the extreme compression treatment of this material has no drastic consequence over the local structure within the cellulose chains upon recovery to ambient conditions. 
Cellulose has a bulk modulus of 20 GPa
The theory of elasticity for finite deformation can be used in order to determine the stressstrain behavior of polymer fibres. From the volume-pressure curve (Fig. 5) , as obtained by fitting the diffraction reflections and determining the unit cell volume of the overall structure as a function of pressure, it is possible to estimate a bulk modulus for our cellulose sample by using a finite strain Birch-Murnaghan equation of state expanded to the third order (1).
The volume strain f is given by
Here V o is the unit cell volume at 0.1 MPa and V represents the corresponding volume at a given pressure P. The bulk modulus obtained by fitting to the data is K 0 = 19.8 (2.9) GPa and its pressure derivative K 0 '= 27.8 (6.2). The Young's modulus can now be derived by using the following relationship (3):
Here E is the Young's modulus and  is Poisson's ratio, which is the negative of the ratio of the lateral strain to the axial strain. Using a previously determined value of 0.377 for the Poisson's ratio of cellulose I  , 29 one obtains a Young's modulus of 15.5 GPa, which is in good agreement with values for Young's modulus reported in the literature measured under tensile stress conditions (12-27 GPa). 4, 9, 10 The values of these moduli depend on the crystallinity of the sample and the interaction of amorphous and crystalline regions, as these determine the change of the unit cell parameters upon compression. A high modulus is expected from highly crystalline cellulose types (e.g. Valonia). The value will also change depending on the relative humidity, which is attributed to a strong vapor adsorption of the amorphous regions in the cellulose structure. The Young's modulus obtained here and the ones reported in the literature are comparable to the moduli of other biological fibers such as amyloid fibrils and silk, which typically range between 2-40 GPa. 30, 31 There is, however, an interesting difference between these proteinbased fibers based on -sheet structures and cellulose. In the latter both the hydrogen bonds and the polymer backbone run along the fibril axis, whereas in amyloid fibrils the backbone runs perpendicular to the fibril axis. Thus in cellulose the 'only' contribution to the mechanical response arises from compression of the intersheet space, whereas in amyloid fibrils, there is a clear contribution from the inter-sheet space, dominated by van der Waals interactions, and the inter-strand interactions, essentially hydrogen bonding. 15, 16 Under compressive stress the crystalline elastic modulus ranges between 200 and 355 GPa The bulk and Young's moduli reported above should be considered macroscopic moduli that include the contribution of the amorphous regions contained within the cellulose fibres. The X-ray diffraction data, however, can also be analyzed to estimate the elastic modulus of the crystalline regions of cellulose along a single axis. Tensile experiments using aligned fibres take advantage of the shift in reflections such as [004] to obtain the elastic modulus of cellulose crystallites. 11 Application of the Birch-Murnaghan equation of state (1) to the pressure-induced shift of this reflection (Fig. 3) yields an elastic modulus of 351.5 ( 52.7) GPa. Note that this modulus is defined as either a bulk modulus, if the volume within the crystalline regions is free to relax, or as the compressive equivalent of Young's modulus, if the diameter of each rod-like element is constrained. The results here probably represent a solution that lies partway between these interpretations. For ease of comparison with previous investigations using AFM techniques in the (approximately) tensile regime, we term the resulting elastic modulus determined here as the "Young's modulus". Raman spectroscopy has been used extensively to study the microdeformation of microcrystalline cellulose fibres. 7, 32, 33 This method is based on a two-phase model that regards cellulose as formed by a regular distribution of amorphous and crystalline regions.
The deformation of cellulose fibres under strain conditions can be studied by the shift of the sharp dominant 1095 cm -1 band in the Raman spectra. 9, 33, 34 This band has been assigned to overlapping CCC, COC and CHO vibrations, including the -1,4 glycosidic COC vibration between the glucose moieties, and is taken to be indicative of the deformation of the cellulose backbone structure. The shift of this band can be used for the estimation of the crystalline elastic modulus of cellulose through relation (4) as long as both the relationships between Raman shift and stress (d()/d) and Raman shift and strain (d()/d) remain linear. 9 As illustrated in Fig. 6 this condition is fulfilled up to 8 GPa (Fig. 5) .
It is widely assumed that the applied stress is equal to that developed within the crystalline regions of cellulose. 11 Similarly to Raman studies of cellulose and polymers carried out under tensile stress, the shift of the 1095 cm -1 band is constant upon compression (Fig. 6 ). As expected, this shift is much lower in absolute value (1.062 0.043 cm -1 /GPa) than that reported for tensile experiments (-4.3 cm -1 /GPa). 33 We can obtain the fibre strain for a finite deformation using the expression of Eulerian strain (2). Figure 6 . Shift of the Raman band at 1095 cm -1 with stress (▲) and strain (∆) upon compression. The Eulerian strain was extracted from our X-ray diffraction data using equation (4) .
The linear relationship between the observed Raman shift and the Eulerian strain measure (Fig. 6 ) yielded a slope of 2.13 0.11 cm -1 /%. From these values and equation (3), an elastic modulus value was estimated as E = 200 GPa for compression up to 8 GPa. The result is in good agreement with elastic modulus values for natural cellulose crystals reported in the literature. 4, 11, [35] [36] [37] From molecular simulations this modulus was calculated to be as high as 171 GPa under compressive deformation. 36 These high crystalline modulus values reflect the stiffness of the cellulose chain along its long axis and the role of intrachain hydrogen bonds that run parallel to the polymer backbone. Likewise, there is little change in the interchain distances between hydrogen bonded chains as observed from X-ray diffraction. Contrary to tensile experiments the hydrogen bonds are, in first instance, likely to strengthen upon compression. 17 Hence the modulus values obtained from compression experiments are higher than those from tensile measurements, and should be considered as an upper limit. Compared to the crystalline elastic modulus the bulk and Young's moduli values (21 and 15 GPa, respectively) are low as they reflect the strong compressibility of the intersheet distances that are devoid of hydrogen bonds. These results highlight the fact that cellulose is a highly mechanically heterogeneous material, because of its amorphous and crystalline regions occurring on the nanoscale. The ease of defomation of the amorphous regions results in their contribution to the flexibility and plasticity of cellulose, whereas the highly incompressible crystalline regions contribute to its strength and rigidity. The interaction between the two results in the diverse structural applications of this unique material that have evolved naturally, and are exploited technologically.
Conclusions
Cellulose is shown to undergo significant structural distortion at high pressures, possibly leading to the adoption of a new phase above 8 GPa. The changes observed by X-ray diffraction are not fully reversible, suggesting that the packing of the cellulose chains in the fibers remains distorted after decompression. At the molecular level, however, Raman spectroscopy indicates that the chemical bonds experience the same environment as prior to compression. In addition, we could determine the bulk and elastic moduli of cellulose and found that the obtained values are in excellent agreement with those reported on the basis of tensile experiments. This is an important finding as it indicates that our method is useful for the determination of the mechanical properties of other biological systems and validates our previous findings for amyloid fibrils. 15, 16 It also suggests that compressive and tensile stress mirror each other, as previously reported for amyloid fibrils, 17 even though under the hydrostatic or non-hydrostatic conditions in the diamond anvil cell the compressive stress is not applied along a single structural axis.
